Context: The bone-derived hormone fibroblast growth factor (FGF) 23 controls phosphate homeostasis and urinary phosphate excretion. FGF23 plasma levels increase in the early stage of renal insufficiency to prevent hyperphosphatemia. Recent evidence suggests that this increase has effects on cardiac and immune cells that compromise patients' health. Patients with autosomal dominant polycystic kidney disease (ADPKD) have been reported to have higher FGF23 concentrations than other patients with similar renal function. The significance of this finding has remained unknown.
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Context: The bone-derived hormone fibroblast growth factor (FGF) 23 controls phosphate homeostasis and urinary phosphate excretion. FGF23 plasma levels increase in the early stage of renal insufficiency to prevent hyperphosphatemia. Recent evidence suggests that this increase has effects on cardiac and immune cells that compromise patients' health. Patients with autosomal dominant polycystic kidney disease (ADPKD) have been reported to have higher FGF23 concentrations than other patients with similar renal function. The significance of this finding has remained unknown.
Methods and Results:
Analyzing the FGF23 plasma levels in 434 patients with ADPKD and 355 control subjects with a measured glomerular filtration rate (mGFR) between 60 and 120 mL/min per 1.73 m 2 , we confirmed that patients with ADPKD had higher FGF23 plasma concentrations than controls. Remarkably, this difference did not translate into renal phosphate leakage. Using different assays for FGF23, we found that this discrepancy was explained by a predominant increase in the cleaved C-terminal fragment of FGF23, which lacks phosphaturic activity. We found that FGF23 plasma concentration independently correlated with the severity of cystic liver disease in ADPKD. We observed that, in contrast to control liver tissues, the cystic liver from patients with ADPKD markedly expressed FGF23 messenger RNA and protein. In line with this finding, the surgical reduction of polycystic liver mass was associated with a decrease in FGF23 plasma levels independently of any modification in mGFR, phosphate, or iron status.
Conclusion: Our findings demonstrate that severely polycystic livers produce FGF23 and increase levels of circulating FGF23 in patients with ADPKD. (J Clin Endocrinol Metab 103: [2319] [2320] [2321] [2322] [2323] [2324] [2325] [2326] [2327] [2328] 2018) I n the past decade, fibroblast growth factor (FGF) 23 has emerged as a major hormonal regulator of mineral homeostasis (1) . Produced principally by osteocytes, FGF23 acts on the kidney to induce phosphaturia by reducing the expression of the phosphate-sodium cotransporters NPT2a and NPT2c in the brush border of proximal tubular cells. FGF23 also reduces the net production of calcitriol from 25-hydroxy-vitamin D [25(OH)D] by proximal tubular cells. The physiological effects of FGF23 depend on its binding to a receptor complex composed of an FGF receptor (FGF-R) and the single-pass transmembrane coreceptor a-Klotho. Indeed, invalidation of the genes encoding either FGF23 or a-Klotho produces similar phenotypes in mice including hyperphosphatemia, hypercalcitriolemia, and bone demineralization (2, 3) . FGF23 is secreted as a 226-aminoacid polypeptide, which represents the active form of the hormone. FGF23 is also secreted as C-terminal and N-terminal fragments, derived from its cleavage between Arg179 and Ser180 by furin protease (4, 5) . These fragments lack phosphaturic activity (6) . Both cleaved and full-length FGF23 can be found in human plasma. Notably, while increased circulating C-terminal fragment of FGF23 (Cterm-FGF23) is associated with an increase in the intact protein in some conditions such as a reduction in kidney function, in others, such as iron deficiency, FGF23 increase reflects mostly an increase in the circulating amount of the cleaved C-terminal peptide, which is the consequence of a simultaneous increase in FGF23 expression and cleavage (7). Importantly, most epidemiologic studies published to date on FGF23 rely on an assay that recognizes Cterm-FGF23 and does not discriminate between the full-length hormone and its cleaved C-terminal fragment. Assays specifically recognizing the intact full-length hormone (intact FGF23) have also been developed, allowing discrimination between cleaved and intact FGF23 (8) .
FGF23 concentration rises in the early stage of chronic kidney disease (CKD). Data obtained from animal models suggest that this FGF23 elevation prevents plasma phosphate concentrations from increasing while the glomerular filtration rate (GFR) declines (9, 10) . Clinical studies have consistently reported an association between high FGF23 plasma concentrations and cardiac hypertrophy, infection-related hospitalization, and the risk of death in patients with renal insufficiency or hepatic cirrhosis (11) (12) (13) . Recent data suggest that this epidemiological association reflects a causal link. Indeed, studies in animals and cultured cells have shown that, at high concentrations, FGF23 has direct off-target effects on cardiomyocytes, resulting in cardiac hypertrophy and dysfunction (14, 15); on neutrophils, impairing their recruitment at the site of infection (16) ; and on hepatocytes, stimulating the secretion of inflammatory molecules (17) .
Autosomal dominant polycystic kidney disease (ADPKD) is the most common cause of genetic CKD (18) , with a prevalence of 1 in 2000 births. The disease, which is caused by loss of function mutations in either the PKD1 or PKD2 gene, is characterized by gradual cystic enlargement in the kidney that results in a progressive loss of kidney function, leading to end-stage renal disease around the sixth decade (19) . In addition to the kidney, patients with ADPKD may develop cysts in other organs. In particular, the disease may lead to a massive liver enlargement, necessitating the reduction of liver mass or liver transplantation.
Comparing 100 patients with ADPKD with 20 non-ADPKD nondiabetic subjects with stage 1 or 2 renal insufficiency, Pavik et al. (20) found higher plasma FGF23 concentrations and lower serum phosphate concentrations in the ADPKD group. The mechanisms leading to the extra increase in FGF23 concentration in patients with ADPKD and the pathophysiologic aftermath of this increase remain to be established.
The goals of this study were to investigate FGF23 plasma concentrations in a large cohort of patients with ADPKD and controls and to determine the mechanism that could contribute to the additional increase in FGF23.
Methods

Study population
Between 2007 and 2016, all patients aged $18 years diagnosed with ADPKD were referred to our department for a measured GFR (mGFR), and those who were found to have an mGFR between 60 and 120 mL/min per 1.73 m 2 were subsequently analyzed in this study. All patients without ADPKD but with an mGFR in the same range, who underwent the same investigation during the same time period, were included in the control group, with the exception of patients who were a priori referred for diseases associated with renal phosphate leakage [kidney stone formers (21) , patients with bone demineralization, renal transplant recipients (22) , and patients with primary hyperparathyroidism or proximal tubulopathy] or a condition associated with elevated FGF23 plasma levels [patients with sickle cell disease (23) or liver cirrhosis (11) ]. Patients who were referred for a disorder not known to be associated with renal phosphate leakage or elevated FGF23 levels were included in the control group even when further exploration revealed renal phosphate leakage or elevated FGF23 levels. Blood phosphate, calcium, parathyroid hormone (PTH), Cterm-FGF23, and 25(OH)D were prospectively measured in all patients. Ferritin levels were prospectively measured in all patients with ADPKD but in only a subgroup of controls, based on medical prescription. Intact FGF23 was prospectively measured in patients who were referred after 2013. Abdominal magnetic resonance imaging was performed for clinical care (disease stratification or monitoring), based on the decision of the nephrologist in charge of the patient.
For analysis of the ratios of intact FGF23 to Cterm-FGF23, we included all patients examined at our institution who had available concomitant measurements of mGFR, ferritin, Cterm-FGF23, and intact FGF23. As in our previous analysis, patients who were a priori referred for disorders associated with renal phosphate leakage or elevated FGF23 plasma levels were excluded from this analysis. The study groups were a priori defined: controls (patients without ADPKD with mGFR .60 mL/min per 1.73 m 2 and ferritin .20 mg/mL), CKD (patients without ADPKD with mGFR ,60 mL/min per 1.73 m 2 and ferritin .20 mg/mL), ADPKD (patients with ADPKD with mGFR .60 mL/min per 1.73 m 2 and ferritin .20 mg/mL), and iron deficiency (patients without ADPKD with mGFR .60 mL/min per 1.73 m 2 and ferritin ,20 mg/mL).
Human samples
The study was conducted on samples from patients undergoing liver surgery for severe polycystic kidney disease in the surgery department of Beaujon Hospital. Peritumoral liver samples were used as controls. All patients gave written informed consent, and the study protocol was approved by the ethics committee of Beaujon Hospital (declaration DC-2009-938).
Biochemistry
GFR was measured by iohexol clearance or inulin clearance when allergy to iohexol was suspected on the basis of patient history. Patients were infused with iohexol (Omnipaque 360; GE Healthcare) or inulin (Inutest 25%; Fresenius Kabi) as previously described (24) . Blood and urine samples were collected every hour for 5 hours, and iohexol (or inulin), sodium, potassium, calcium, phosphorus, creatinine, urea, glucose, and uric acid concentrations were measured. Iohexol and inulin concentrations were determined by high-performance liquid phase chromatography and an enzymatic method, respectively, as previously described (24) . 
Magnetic resonance imaging
Kidney and liver volume measurements were conducted with the same method. The T2-weighted acquisition in the coronal plane with fat saturation suppression was selected. Each organ was manually contoured slice by slice with the Reformat software available in the General Electric Workstation Advantage Windows (GE Healthcare) by a clinician with .10 years of experience in three-dimensional abdominal imaging. The volume was then automatically calculated in milliliters. This time-consuming approach (10 minutes per organ) provides the highest accuracy because it is based on true anatomic limits and not on automatic pixel recognition or pixel intensity (25) . All volumes were normalized for patient height.
RNA extraction
Fifteen milligrams of human liver samples was homogenized in Qiazol lysis reagent (miRNeasy mini Kit, Qiagen) and extracted according to the manufacturer's directions.
Real-time quantitative reverse transcription polymerase chain reaction
The complementary DNA synthesis was performed with SuperScript II Reverse Transcriptase (Invitrogen) according to the manufacturer's directions. FGF23 messenger RNA (mRNA) was detected in human livers with SYBR Green PCR Master Mix (Thermofisher) and real-time reverse transcription polymerase chain reaction with the Viia7 qPCR System (Applied Biosystems). Measurements were standardized to the expression of three housekeeping genes (GAPDH, HPRT, and SDHA). Primers (Eurogentec) were as follows: FGF23 forward, 
Immunohistochemistry
For human samples, 4-mm sections of paraffin-embedded livers were first retrieved at 95°C for 20 minutes in citrate buffer (pH 6.0) (Dako) and then incubated overnight at 4°C with a rabbit anti-FGF23 antibody (produced in our laboratory) at 1:100. The antibody was detected with a horseradish peroxidase-conjugated anti-rabbit antibody (GE Healthcare) at 1:200. The sections were developed by 3-3 0 -diamino-benzidine-tetrahydrochloride (Dako) staining and counterstained with hematoxylin.
Statistical analysis
Statistical analysis was performed with JMP software (SAS Institute). Results are expressed as numbers and percentages for categorical variables and as mean (6 standard deviation) or median (range) for continuous variables. Skewed variables were transformed with decimal logarithms. For continuous variables, comparisons between two groups were assessed via Student t test or Mann-Whitney test as appropriate. For categorical variables, group differences were identified with the Fisher's exact test. Independent predictive factors of Cterm-FGF23 were assessed via multivariable linear regression modeling.
Results
Association of ADPKD with elevated FGF23 concentration
Over a 6-year period at our institution, 434 patients with ADPKD had mGFR values between 60 and 120 mL/min per 1.73 m 2 along with measurements of Cterm-FGF23 concentration and phosphate renal handling parameters. As controls we selected 355 patients who were referred over the same time period as patients with ADPKD for CKD (n = 94), isolated reduction of estimated GFR (n = 83), kidney donation (n = 74), dyskalemia (n = 37), chronic nephrotoxic treatment (n = 25), solitary kidney (n = 9), mastocytosis (n = 7), renal glycosuria (n = 6), glycogenosis (n = 4), metabolic acidosis (n = 4), hyponatremia (n = 3), hypercalciuria (n = 2), polyuria (n = 2), hypertension (n = 2), chondrocalcinosis (n = 1), hypomagnesemia (n = 1), and bone pain (n = 1). The characteristics of patients with ADPKD and control patients are summarized in Table 1 . The two populations had similar sex distribution and mGFR, but patients with ADPKD had higher Cterm-FGF23 levels than controls. Patients with ADPKD were also significantly younger than controls. Importantly, the elevation in Cterm-FGF23 levels in patients with ADPKD was not associated with renal phosphate leakage. Indeed, controls and patients with ADPKD displayed similar plasma phosphate concentrations and renal phosphate transport [tubular maximum reabsorption of phosphate (TmP) to GFR] ( Table 1) . Serum PTH and 25(OH)D concentration did not differ between patients with ADPKD and controls. Multivariable analysis revealed that belonging to the ADPKD group was an independent risk factor for Cterm-FGF23 elevation (Table 2) .
Cterm-FGF23 increase in patients with ADPKD and preserved renal function is associated with an increase in FGF23 cleavage The absence of renal phosphate leakage in the ADPKD group prompted us to assess whether a-Klotho concentration was decreased in patients with ADPKD. Resistance to FGF23 action due to a downregulation of its coreceptor, a-Klotho, in the kidney has been proposed as a mechanism of FGF23 elevation in ADPKD on the basis of low circulating a-Klotho levels (26) . In our cohort, serum a-Klotho measurements were performed in patients who were investigated after 2015. The a-Klotho concentration was not significantly different between patients with ADPKD and controls (Supplemental Table 1 ). Multivariable analysis of the factors associated with Cterm-FGF23 levels revealed that belonging to the ADPKD group was associated with a higher Cterm-FGF23 concentration independently of serum a-Klotho levels (Supplemental Table 2 ).
We then investigated whether the increase in FGF23 level was caused by increased C-terminal peptide only or the full-length protein. The Cterm-FGF23 assay did not discriminate between the intact phosphaturic hormone and the cleaved C-terminal part of the protein; therefore, we used an assay that specifically measured intact FGF23 in a subgroup of patients who were investigated after 2013. The characteristics of this subgroup, consisting of 246 patients with ADPKD and 136 controls, are presented in Supplemental Table 1 . Both groups had similar mGFR, blood phosphate, and TmP/GFR. As in the whole cohort, patients with ADPKD displayed a significantly higher Cterm-FGF23 concentration than controls. In contrast, intact FGF23 plasma levels were similar in the two groups. This finding suggests that patients with ADPKD displayed a specific elevation of Cterm-FGF23. Furthermore, multivariable analyses showed that belonging to the ADPKD group was a risk factor for Cterm-FGF23 elevation independently of intact FGF23 and other potential confounding factors (Supplemental Table 1 ). To support this observation, we considered the ratio of intact FGF23 to Cterm-FGF23 concentration in the subgroup of patients with ADPKD who had an elevation in Cterm-FGF23 that was not explained by iron deficiency (n = 81). We compared this ratio with the ratio measured in healthy controls (n = 23), patients with CKD with reduced mGFR (n = 20), and patients with iron deficiency but normal mGFR (n = 8). We observed that both patients with ADPKD and patients with iron deficiency exhibited a significantly lower intact FGF23 to Cterm-FGF23 ratio than controls or patients with CKD (Supplemental Fig. 1 ). Collectively these results demonstrate that the Cterm-FGF23 elevation in patients with ADPKD reflects predominantly an increase in cleaved FGF23.
FGF23 levels independently correlate with liver volume in patients with ADPKD
We then investigated the potential mechanisms underlying Cterm-FGF23 elevation in patients with ADPKD. Although iron deficiency and inflammation have been associated with elevated Cterm-FGF23 concentrations, ectopic production of FGF23 by damaged kidney or liver cells has also been proposed (7, 11, 27, 28) . Among the 434 patients with ADPKD included in our study, 154 underwent abdominal magnetic resonance imaging that allowed assessment of kidney and liver volume. These patients also underwent plasma C-reactive protein and ferritin measurement to assess inflammatory and iron status, respectively. We, therefore, analyzed the association of these parameters with Cterm-FGF23 levels in this population. After a simple regression analysis, only the ferritin level and height-adjusted liver volume (HtLV) significantly correlated with Cterm-FGF23 levels (Supplemental Table  3 ). Multivariable analysis showed that HtLV had the strongest independent association with Cterm-FGF23 (Table 3 ). This finding suggested that the Cterm-FGF23 elevation in ADPKD was related to the severity of cystic liver disease.
Severely polycystic livers have elevated FGF23 mRNA and protein expression
Having established that the Cterm-FGF23 elevation in patients with ADPKD was associated with the size of the liver and caused mainly by cleaved FGF23 protein, we aimed to identify the mechanisms responsible for FGF23 elevation in this context. To explore the possibility that the cystic liver could produce FGF23, we measured FGF23 mRNA expression in hepatic tissues from 10 patients with ADPKD who underwent partial hepatectomy because of symptomatic polycystic liver disease. Healthy peritumoral liver tissues served as controls (Fig. 1A) . Remarkably, whereas FGF23 mRNA was barely detectable in control liver fragments, it was markedly expressed in the cystic liver samples from patients with ADPKD (Fig. 1A) . In two patients for whom plasma samples and liver tissues were collected on the same day, we observed a marked concordance between hepatic FGF23 mRNA expression and circulating Cterm-FGF23 levels (Supplemental Fig. 2A ). To determine whether FGF23 could accumulate in liver cysts, we measured Cterm-FGF23 concentrations in the cystic fluid of 18 liver cysts recovered from these two patients. Although Cterm-FGF23 could be detected in some cysts, Cterm-FGF23 concentrations in the cyst fluid were constantly lower than the plasma values, demonstrating that FGF23 did not accumulate in the cyst fluid (Supplemental Fig. 2B ). We localized the FGF23 protein in the liver of patients with ADPKD with an FGF23-specific antibody (Fig. 1B) . This antibody successfully labeled human osteoblasts, indicating its ability to recognize endogenous human FGF23 (Fig. 1B) . FGF23 protein was not detected in the normal parts of liver sections from patients with liver cancer or in the noncystic liver sections from patients with ADPKD (Fig. 1B) . By contrast, we found a strong focal FGF23 expression in hepatocytes adjacent to liver cysts. Collectively these results demonstrate expression of FGF23 mRNA and protein by cystic liver cells (Fig. 1B) .
Reduction of cystic liver mass is associated with a decrease in Cterm-FGF23
To determine whether hepatic FGF23 production could significantly contribute to the elevation of plasma Cterm-FGF23 in patients with ADPKD with severe cystic liver disease, we assessed the impact of a surgical reduction of cystic liver mass on Cterm-FGF23 levels. We therefore focused on the rare patients with ADPKD who were investigated both before and after liver mass reduction. In our group as in others, only a limited number of patients with ADPKD were treated with partial hepatectomy or liver transplantation because of severe polycystic liver (29) . Most patients with ADPKD with an even modestly reduced GFR undergo liver transplantation in concert with renal transplantation (29) . For these reasons we identified in our cohort only 12 patients who underwent a total of 13 hepatic surgeries and were explored before and after surgery. The characteristics of these patients are presented in Supplemental Table 4 and Fig. 2A . All but two patients displayed an elevated Cterm-FGF23 concentration before the surgery. After the surgery, Cterm-FGF23 concentrations significantly decreased, whereas the mGFR did not significantly improve ( Fig. 2A) . We also compared the variation of Cterm-FGF23 observed after liver surgery with its spontaneous variation observed in 65 patients with ADPKD who had repeated measurements of mGFR and Cterm-FGF23 levels and did not undergo liver surgery. Patients who had a reduction of cystic liver mass presented a significant decrease in Cterm-FGF23 concentration compared to controls (Fig. 2B) . The association between hepatic surgery and Cterm-FGF23 level reduction remained significant after we adjusted for potential confounding variables ( Table 4 ). The intact FGF23 measurement was available before and after liver transplantation for two patients. In line with our previous findings, we observed a marked dissociation between intact FGF23 and Cterm-FGF23 levels before surgery. Indeed, whereas after liver transplantation Cterm-FGF23 levels decreased and intact FGF23 levels did not change (Fig. 2C) .
Discussion
The intriguing observation that patients with ADPKD with preserved kidney function displayed higher Cterm-FGF23 concentrations than other patients with CKD was made in a single study of 100 subjects with ADPKD who were compared with a limited number of controls (20) . These patients presented a slightly lower serum phosphate concentration and a lower TmP/GFR than the control group. This finding was initially interpreted as FGF23-dependent renal phosphate leakage. However, a subsequent comparison of renal phosphate handling and Cterm-FGF23 plasma concentration between the same patients with ADPKD and patients with X-linked hypophosphatemic rickets, a genetic cause of FGF23-dependent renal phosphate leakage, showed that most of the patients with ADPKD had normal renal phosphate handling, compared with patients with X-linked hypophosphatemic rickets with similar levels of FGF23 (26) . The reason for this discrepancy between elevated Cterm-FGF23 levels and nearly normal phosphate renal handling in this cohort remains unclear. Resistance to the phosphaturic action of FGF23 caused by a reduction in renal Klotho abundance has been proposed but not formally proven (26) . In a recent study in 99 children with ADPKD, the phosphate level was slightly lower compared with healthy age-matched controls (30) . This decrease was not caused by impaired renal phosphate reabsorption because TmP/GFR and Cterm-FGF23 were not lower than in controls (31) . Intact FGF23 was not measured in this study, making it impossible to confirm a dissociation between intact FGF23 and Cterm-FGF23 concentrations in children with ADPKD. In this context, our study provides important insights. First, we confirmed in a large cohort that the Cterm-FGF23, but not intact FGF23, concentration is higher in adults with ADPKD than in control patients with similar GFR. Although we used the same assay as Pavik et al. (26) to measure Cterm-FGF23, the plasma concentration we found in our ADPKD cohort was half as much as in the Suisse ADPKD cohort. The reason for this difference is unclear. None of the slight differences in the composition of the cohort could provide a satisfying explanation for this discrepancy. Systemic inflammation and iron deficiency were not reported in the Suisse ADPKD cohort; therefore, these confounding factors may have contributed to the high Cterm-FGF23 levels observed in this cohort. Although the average increase in Cterm-FGF23 concentration in the patients with ADPKD appears modest in our cohort, a restricted subset of patients displays a marked elevation of Cterm-FGF23 concentration, as exemplified by the majority of patients needing liver surgery. Our results also revealed a lower intact FGF23 to Cterm-FGF23 ratio in patients with ADPKD with elevated Cterm-FGF23 than in controls with CKD, suggesting a preferential secretion of cleaved FGF23 in ADPKD. Cleaved FGF23 peptides lack phosphaturic activity. Therefore, the preferential elevation in cleaved FGF23 plasma levels in patients with ADPKD provides a simple explanation for the absence of renal phosphate leak observed in this disease. The mechanism responsible for elevated FGF23 plasma levels in ADPKD remains unclear. In two rodent models of polycystic kidney disease, FGF23 synthesis by polycystic kidneys has been reported (27) . However, the production of FGF23 by kidney cells is not a specific feature of polycystic kidney diseases. Indeed, renal FGF23 mRNA expression parallels the development of lesions in Zucker diabetic fatty rats or in the obstructed kidney after unilateral obstruction in mice (31, 32) . Thus, renal expression of FGF23 is probably a corollary to kidney injury and may not explain the additional increase in FGF23 levels in patients with ADPKD compared with subjects with similar GFR. In our study, plasma FGF23 concentrations did not correlate independently with kidney volume. We hypothesized that another ectopic source of FGF23 could be involved in ADPKD. We have previously reported that patients with cirrhosis and normal renal function have elevated FGF23 plasma concentrations and that experimental induction of liver damage in mice induced the hepatic expression of FGF23 mRNA (11) . The current study further expands ectopic production of FGF23 by diseased liver cells to ADPKD. Three independent lines of evidence support this hypothesis: the Cterm-FGF23 plasma level independently correlated with liver volume in patients with ADPKD, FGF23 mRNA was increased in the polycystic liver and FGF23 protein was detected in pericystic hepatocytes, and surgical reduction of cystic liver mass was associated with a reduction of the Cterm-FGF23 plasma level that was independent of mGFR, plasma phosphate, PTH, or ferritin variations. However, our results do not demonstrate that the increase in Cterm-FGF23 observed in patients with ADPKD with severe polycystic liver disease is the sole consequence of an ectopic production of FGF23 by liver cells. Indeed, the polycystic liver cells may also deliver endocrine signals, causing increased production of cleaved FGF23 by osteoblastic cells.
The mechanisms responsible for the increase in Cterm-FGF23 synthesis by pericystic hepatocytes remain to be established. Interestingly, inflammatory cytokines such as interleukin 1b or oncostatin M have been shown to promote FGF23 transcription in osteoblasts (33) and cardiomyocytes (34) , respectively. Cyst progression in polycystic kidney disease is associated with the recruitment of macrophages, which is thought to be driven by the upregulation of the chemokine CCL2. Notably, transgenic expression of CCL2 in the heart has been shown to drive the secretion of cleaved FGF23 by cardiomyocytes via a paracrine pathway. Whether similar mechanisms account for the synthesis of cleaved FGF23 by hepatocytes in ADPKD has not been explored.
A critical question raised by our study is the pathophysiologic significance of Cterm-FGF23 fragment production by the cystic liver in ADPKD. The Cterm-FGF23 binds to the a-Klotho-FGFR receptor complex but does not elicit classic FGF23-a-Klotho dependent signaling and lacks phosphaturic activity (6) . It has even been suggested that the Cterm-FGF23 fragment could oppose FGF23 phosphaturic effects (35) . Such opposition does not seem to be the case in patients with ADPKD at the concentrations of Cterm-FGF23 observed in our study, because their serum phosphate concentrations and TmP/GFR were not higher than in controls. However, this absence of a-Klotho-dependent signaling does not imply that the cleaved Cterm-FGF23 lacks biological activity. Emerging evidence supports the view that the deleterious effects of FGF23 on cardiomyocytes, leukocytes, and hepatocytes are mediated through a-Klotho-independent signaling (16, 17, 36) . In this context, we have recently reported that the Cterm-FGF23 induces cardiomyocyte hypertrophy in vitro in an a-Klotho-independent manner via FGF-R activation (23) . This observation supports the ability of FGF23 fragments to elicit signaling in humans. This point is of primary interest because in addition to ADPKD, a growing number of conditions, including iron deficiency (33), systemic inflammation (33), sickle cell disease (23), heart failure (34), and cardiac bypass (37) , are reported to induce a preferential increase in the abundance of cleaved FGF23 fragments. Whether FGF23 fragments exert some biologic function in vivo remains to be established.
Another question raised by our study is the potential role of locally produced FGF23 on the progression of liver cysts. Murine hepatocytes express the FGF-R4 receptor, and its activation by FGF23 promotes the expression of inflammatory cytokines in an a-Klotho-independent way (17) . Local inflammation plays a central role in the progression of kidney cysts in ADPKD (38, 39) . It is therefore plausible that locally produced FGF23 could induce a local inflammatory response, which, in turn, would stimulate cyst growth. Determining whether FGF23 represents a valid therapeutic target or a pertinent biomarker for liver or kidney cyst progression warrants further evaluation.
In conclusion, this study, which assessed both Cterm-FGF23 and intact FGF23 circulating levels in the largest cohort of patients with ADPKD studied so far, sheds light on unexpected aspects regarding the production and the potential pathophysiologic function of FGF23 in ADPKD. The identification of the cystic liver as a source of FGF23 opens an area of research in the field of FGF23 and ADPKD and raises essential pathophysiologic questions about the functions of ectopically produced FGF23 in renal and liver cystic disease.
